Probing the Transition State of the Allosteric Pathway of the SHAKER Kv Channel Pore by Linear Free Energy Relations  by Azaria, Reshef et al.
Sunday, March 6, 2011 29apotentials. The magnitude of the shift in V0.5 was observed to depend on the
duration of the prepulse over the range of 0.1-5.0 s. These observations demon-
strate that Hv1 manifests VS relaxation and suggest that relaxation occurs con-
comitantly with proton channel opening.
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Voltage changes are involved in a range of biological functions including neu-
ronal signal propagation, muscle contraction and T-cell activation. Voltage
sensitive proteins respond to the changes in membrane potential via a volt-
age-sensing domain (VSD). Voltage-gated ion channels use the VSD to
open and close a pore domain, which allows for the passive movement of
ions down their concentration gradients. The discovery of the Ciona intestina-
lis voltage-sensing phosphatase (Ci-VSP)(1) opened up a whole new way of
looking at voltage sensing. This is the first and only currently known class
of protein that has a VSD but no pore. Instead Ci-VSP, and its VSP homologs
including fish and frogs, contains a cytoplasmic lipid phosphatase whose activ-
ity is regulated by voltage. It is also the only known VSD to work as a mono-
mer instead of in concert with other VSD modules. It still displays similar
complex motions as the VSDs from channels which is intriguing. We and
others have also shown that lipids play a role in regulating the protein. Even
so, many questions remain unanswered regarding how this voltage activated
enzyme works. We have taken an interdisciplinary approach including bio-
chemical and electrophysiological approaches to probe the inner workings
of VSPs.
1. Murata, Y., et al, (2005) Nature 435, 1239-1243.
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We have demonstrated previously for Shaker K-channels that the residues on
the voltage sensor S4, namely A0(359) and the gating charges R1(362), R2
(365) and R3(368) slide sequentially through the gating-pore (Gamal El-Din
et al., 2010). Further, this gating pore was shown to encompass two of these
residues since leak currents, so called omega-currents, appeared only when
the two residues populating the pore were short, e.g. serine or alanine. We
have studied the following mutants and found omega-currents for asRRR,
RssRR and aRssR, while aRRss did not express so far (small letters denote
short residues to visualize the double-gap position). A further sliding of
S4 including R4(371) and K5(374) to the activated open state remained
speculative.
Here, we report further experiments on these double-gap mutants now com-
bined with 434W instead of 434F to allow for K-current through the alpha-
pore when S4 reaches the activated state. All three double-gap mutants show
K-current which can be blocked by 4-AP confirming that S4 reaches the acti-
vated state. Interestingly, the mutant aRssR shows a voltage range of about
20 mV where neither omega- nor alpha-current is detected. This indicates
that S4 steps from the leaking position with s2, s3 in the omega-pore through
a next state with s3, R4 in the pore before reaching the activated state with
R4, K5 in the pore. This interpretation goes well with the recent finding by
Tao et al. (Science 2010) that an inner occluding binding site (for Shaker
E293, F290, D316) is opposite to either residue K5 in the activated state
or R1 in the closed state. In extension to this, our results demand an outer
occluding site (most likely E283) opposed by R4 (activated) or a0 (closed),
respectively.
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Long-range coupling between distant functional elements of proteins may rely
on allosteric communication trajectories lying along the protein structure, as
described in the case of the Shaker voltage-activated potassium channel (Kv)
model allosteric system. Communication between the distant Kv channel acti-
vation and slow inactivation pore gates was shown to be mediated by a network
of local pairwise and higher-order interactions among the functionally-unique
residues comprising the allosteric trajectory. The mechanism by which confor-
mational changes propagate along the Kv channel allosteric trajectory toachieve pore opening remains, however, unclear. Such conformational changes
may propagate in either a concerted or a sequential manner during the reaction
coordinate of channel opening. To discriminate between these possibilities,
residue-level structural information on the transition state of channel gating
is required. Here, we combine patch clamp electrophysiology recordings of
Kv channel gating and analysis using linear free energy relations, focusing
on a select set of residues spanning the allosteric trajectory of the Kv channel
pore. We show that all allosteric trajectory residues tested exhibit an open-like
conformation in the transition state of channel opening, implying that coupling
interactions occur along the trajectory break in a concerted manner upon mov-
ing from the closed to the open state. Energetic coupling between the Kv
channel gates thus occurs in a concerted fashion in both the spatial and tempo-
ral dimensions, strengthening the notion that such trajectories correspond to
pathways of mechanical deformation along which conformational changes
propagate.
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The activity of large conductance, voltage- and calcium-gated potassium (BK)
channels in myocytes critically controls arterial diameter. At <300 mM in the
aqueous phase (below critical micellar concentration), lithocholate (LC) and re-
lated steroids increase myocyte BK channel activity (Po) and cause arterial
dilation. We showed that: 1) BK b1 TM2 is critical for the channel sensitivity
to LC, and 2) BK b2-4 cannot substitute for b1 in providing LC-sensitivity
to BK channels (Bukiya et al., 2008; 2009). Moreover, computational dynamics
identified two LC-sensing amino acid clusters in BK b1TM2: L157,L158,T165
and T169,L172,L173. Here, we used pinpoint mutagenesis and patch-
clamp electrophysiology to determine the relative contribution of each cluster
to the LC-sensitivity of BK channels. BK a (cbv1) and b1 subunits cloned
from rat cerebral artery myocytes (AY330293; FJ154955) were coexpressed
in Xenopus oocytes, and BK currents were recorded from inside-out patches
at Ca2þi=10 mM and Vm=-20 to 40mV. BK b1T165A and b1T165A,
L157A,L158A mutants rendered LC-sensitive BK channels, with 150 mM
LC-induced increase in Po (1.7 times) being identical to that found with
cbv1þwtb1. In contrast, BK b1T165A,T169A and b1T169A mutants were ab-
solutely unresponsive toR150 mM LC. Data unveil a critical role for b1T169
in providing LC-sensitivity to BK channels. While the b1T169S mutation was
able to rescue the channel’s LC-sensitivity, the b1T169S,L172A,L173A muta-
tion failed to do so. Moreover, BK b1L172A,L173A was also LC-insensitive.
These data validate our computational prediction that hydrogen bonding
between T/S169 and the steroid hydroxyl, and hydrophobic interactions
between L172,L173 and the steroid rings are both necessary for successful
docking of LC onto the T169,L172,L173 cluster. Thus, T169, L172 and
L173 in BK b1TM2 provide a docking surface that is essential for the LC-sen-
sitivity of BK channels.
Support: HL104631 (AMD).
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The delayed rectifier IKs potassium channel, a major contributor to repolar-
ization of the human cardiac action potential, forms by co-assembly of alpha
(KCNQ1) and beta (KCNE1) subunits. Though KCNQ1 encodes a functional
voltage-gated potassium channel, it requires the presence of KCNE1 to repro-
duce the biophysical characteristics of the native IKs channel. Despite much
study, the mechanism(s) through which KCNE1 modulates KCNQ1 are not
well understood, partly due to the lack of a voltage sensor assay. Voltage
clamp fluorometry (VCF) is a method for measuring voltage sensor move-
ments by monitoring changes in the environment of a fluorophore, attached
to the voltage sensor, during gating. Here we present the first VCF study
of KCNQ1 and KCNQ1/KCNE1 channels. In KCNQ1, while the time course
of the fluorescence signal narrowly precedes current, steady state voltage
dependence of fluorescence and current are indistinguishable, suggesting a
one-to-one relationship between voltage sensor movement and channel open-
ing. Mutational analysis of the KCNQ1 fluorescence signal provides novel
